IBNtxA (39-iodobenzoyl-6b-naltrexamide) is a potent analgesic in mice lacking many traditional opioid side effects. In mice, it displays no respiratory depression, does not produce physical dependence with chronic administration, and shows no crosstolerance to morphine. It has limited effects on gastrointestinal transit and shows no reward behavior. Biochemical studies indicate its actions are mediated through a set of m-opioid receptor clone MOR-1 splice variants associated with exon 11 that lack exon 1 and contain only six transmembrane domains. Like the mouse and human, rats express exon 11-associated splice variants that also contain only six transmembrane domains, raising the question of whether IBNtxA would have a similar pharmacologic profile in rats. When given systemically, IBNtxA is a potent analgesic in rats, with an ED 50 value of 0.89 mg/kg s.c., approximately 4-fold more potent than morphine. It shows no analgesic cross-tolerance in morphine-pelleted rats. IBNtxA displays no respiratory depression as measured by blood oxygen saturation. In contrast, oximetry shows that an equianalgesic dose of morphine lowers blood oxygen saturation values by 30%. IBNtxA binding is present in a number of brain regions, with the thalamus standing out with very high levels and the cerebellum with low levels. As in mice, IBNtxA is a potent analgesic in rats with a favorable pharmacologic profile and reduced side effects.
Introduction
Opiates have long been acknowledged as essential to treating pain clinically, but with a risk of diversion and addiction. Efforts to generate opioids that lack side effects and abuse potential go back over a century . Although many important analgesics and antagonists were developed, these agents did not dissociate pain relief from side effects. Current evidence suggests that this is possible, starting with the pharmacologic dissociation of morphine analgesia from respiratory depression and constipation by the antagonists naloxonazine and naloxazone (Pasternak et al., 1980; Wolozin and Pasternak, 1981; Ling et al., 1983 Ling et al., , 1984 Ling et al., , 1985 Ling et al., , 1986 .
After the cloning of the m-opioid receptor (MOR-1) and its gene Oprm1, our group and others isolated and characterized a vast array of m-receptor splice variants (for a review, see Pasternak and Pan, 2013) . These variants fall into three major categories. The first includes the full-length variants containing the traditional m-receptor variants with seven transmembrane (TM) domains that differ by 39-splicing of the C terminus, leading to the replacement of exon 4 and its terminal 12 amino acids with a range of various combinations of alternative exons yielding from 1 to over 80 alternative unique amino acid sequences in their place (Bare et al., 1994; Zimprich et al., 1994 Zimprich et al., , 1995 Pan et al., 1999 Pan et al., , 2005 Pasternak et al., 2004) . Another set of variants contains a single TM domain corresponding to TM1 in the traditional receptors (Du et al., 1997; Xu et al., 2013) . Although this set does not directly bind opioids, it exerts significant pharmacologic actions through its chaperone-like function, which stabilizes the full-length variants and increases their expression levels in both tissue culture models and in vivo (Xu et al., 2013) .
The final set of splice variants are associated with exon 11 and contain only six transmembrane (6TM) domains, lacking TM1 present in the traditional full-length receptors (Pan et al., 2001; Xu et al., 2011) . Initially thought to be of little significance, they have proven very important in understanding m-opioid pharmacology, as revealed by a series of knockout (KO) mice. A complete m KO (E1/E11 KO) in which both exon 1 and exon 11 are disrupted is insensitive to all the m drugs tested, confirming the importance of the Oprm1 gene in their actions (Y. X. Pan and G. W. Pasternak, unpublished data) . An exon 1 MOR-1 KO mouse generated by Pintar eliminates the full-length 7TM variants while still expressing the truncated 6TM ones (Schuller et al., 1999) . Conversely, an exon 11 MOR-1 KO mouse lacks the 6TM variants while still expressing the full-length ones (Pan et al., 2009; Majumdar et al., 2011b; Pasternak and Pan, 2013) . As expected, loss of the traditional receptors in the exon 1 KO mouse eliminates morphine analgesia. In contrast, morphine and methadone retain full analgesic activity in the exon 11 KO animals. However, the analgesic activity of a number of other opioids with m actions are significantly attenuated or completely lost in the exon 11 KO mice, including levorphanol, butorphanol, buprenorphine, and nalbuphine (Pan et al., 2009; Majumdar et al., 2011b Majumdar et al., , 2012 Pasternak and Pan, 2013) . Thus, these KO models indicate the existence of two classes of m opioids, the traditional morphinelike ones acting through full-length receptors and atypical ones working through the truncated 6TM splice variants.
Recently, we synthesized a highly potent analgesic, IBNtxA (39-iodobenzoyl-6b-naltrexamide), with a very unusual pharmacologic profile (Majumdar et al., 2011b (Majumdar et al., , 2012 Pasternak and Pan, 2013) . Despite its high analgesic potency in mice, it exhibits no respiratory depression at doses up to 5-fold greater than its analgesic ED 50 , has little effect on gastrointestinal transit, and fails to show either reward or aversive behavior in a conditioned place preference paradigm. When administered chronically, it produces no physical dependence and shows no cross-tolerance to morphine. IBNtxA analgesia is fully retained in the Pintar exon 1 KO, clearly distinguishing its mechanisms from those of morphine. The analgesia was not the result of cross-labeling traditional d or k 1 receptors because IBNtxA still retained full analgesic activity in a triple KO mouse lacking all traditional opioid receptors generated by crossing Pintar's exon 1 MOR-1 KO with d-type opioid receptor (DOR-1) KO and k-type opioid receptor (KOR-1) KO animals.
Further studies using [ 125 I]IBNtxA in the mouse identified a molecular target for the drug that depends on the truncated 6TM exon 11-associated variants. [ 125 I]IBNtxA labels this site in the mouse brain with subnanomolar affinity and shows a similar affinity and B max value in the triple KO mice. Thus, IBNtxA acts through a novel opioid receptor target of action with a favorable side-effect profile in mice. Like the mouse, rats and humans also express truncated 6TM receptors associated with exon 11 Xu et al., 2007; Pasternak and Pan, 2013) . In this study, we examine the pharmacology of IBNtxA in the rat.
Materials and Methods

IBNtxA and [
125 I]BNtxA were synthesized and their structures confirmed as previously described elsewhere (Majumdar et al., 2011a (Majumdar et al., ,b, 2012 . Opioids were obtained from the Research Technology Branch of the National Institutes of Health National Institute on Drug Abuse (Rockville, MD) or Tocris Bioscience (Bristol, UK). Miscellaneous chemicals and buffers were purchased from Sigma-Aldrich (St. Louis, MO).
Male Sprague Dawley rats were obtained from Charles River Laboratories (Hollister, CA). All rats were maintained on a 12-hour light/dark cycle with Purina rodent chow Diet 5053 and water available ad libitum, and they were housed in groups of two until testing. All animal studies were approved by the Institutional Animal Care and Use Committee of the Memorial Sloan-Kettering Cancer Center.
Binding Studies. [ 125 I]IBNtxA binding assays were performed in brain membrane homogenates prepared as previously described elsewhere at a concentration of 0.5-1.0 mg protein/ml (Clark et al., 1988 (Clark et al., , 1989 Majumdar et al., 2011b) -enkephalin]) blockers at a final concentration of 250 nM each. Nonspecific binding was determined in the presence of levallorphan (1 mM), and only specific binding is reported. Binding reached equilibrium at 25°C after 90 minutes (data not shown). Binding was performed for 90 minutes at 25°C using 0.5-1.0 ml of homogenate. Glass-fiber filters were soaked in 0.5% polyethyleneimine for at least 15 minutes before filtration to minimize the nonspecific binding to the filters.
K D , B max , and IC 50 were fit by nonlinear regression using GraphPad Prism (GraphPad Software, La Jolla, CA). Each IC 50 value was converted to give an apparent
as previously reported elsewhere (Cheng and Prusoff, 1973) . Hill slopes were calculated using a linear regression of a probit transform from competition experiments using values from 15-85% inhibition (Litchfield and Wilcoxon, 1949) . All experiments were replicated at least three times. For regional binding assays, rat brains were rapidly removed and placed in ice-cold phosphate-buffered saline (50 mM; pH 7.4) and dissected into the designated regions. Membrane preparations were made and binding performed with [
125 I]IBNtxA (0.1 nM) in the presence of CTAP, DPDPE, and U50,488 (250 nM each) to block traditional m, d, and k binding. Binding was normalized to the whole brain. Results are the mean 6 S.E.M. of three independent experiments. Regional binding was compared using a one-way analysis of variance followed by a Bonferroni multiple-comparison test.
Analgesia Assay. ED 50 values were determined using a cumulative dose-response approach in which rats were tested with escalating doses of IBNtxA 30 minutes after the prior subcutaneous injection using a radiant heat tail-flick paradigm as previously published elsewhere (Ling et al., 1985; Majumdar et al., 2011b) A maximal latency of 10 seconds was used to minimize tissue damage. ED 50 values were determined by nonlinear regression analysis (GraphPad Prism). Results are expressed as the percentage of maximum possible effect (%MPE) for each individual rat according to the equation %MPE 5 [(Observed latency 2 Baseline latency)/(Maximal latency 2 Baseline latency)]. To assess for cross-tolerance between IBNtxA and morphine, rats were made tolerant to morphine by the subcutaneous implantation of three 75-mg pellets of morphine freebase each (total dose 225 mg) or placebo pellets under isoflurane anesthesia (Ling et al., 1984) .
Respiratory Function Assay. The effect of the drugs on respiration was assessed using oximetry. Blood oxygen saturations were assessed in awake, freely moving rats (175-225 g) with the MouseOx pulse oximeter system (Starr Life Sciences, Holliston, MA). A 5-second average oxygen saturation value was measured every 5 minutes. Each animal was habituated to the device for 30 minutes to establish a baseline before injection.
Results
In Vivo Actions of IBNtxA. IBNtxA is a potent analgesic in mice in the radiant heat tail-flick assay. Similarly, it was an IBNtxA Actions and Binding in the Rat effective analgesic in rats (Fig. 1) . Time action studies revealed a peak effect at 30 minutes after subcutaneous administration (not shown), similar to most opioids. At peak effect, IBNtxA had an analgesic ED 50 of 0.89 mg/kg (95% confidence interval, 0.69-1.2) (Fig. 1A) . This was approximately 2-fold less potent than in mice (ED 50 5 0.48 6 0.05 mg/kg) (Majumdar et al., 2011b) and approximately 4-fold more potent than morphine.
Morphine actions are readily reversed by the antagonist naloxone. The opioid antagonist levallorphan potently reverses IBNtxA in mice. Similarly, levallorphan effectively reversed IBNtxA in the rat (Fig. 1B) . We next determined the sensitivity of IBNtxA analgesia to naloxone. First, we compared the ability of naloxone to reverse morphine and IBNtxA analgesia (Fig.  1C) . At 1 mg/kg, naloxone fully reversed morphine's response. Naloxone also effectively antagonized the actions of IBNtxA at both 1 and 5 mg/kg s.c., confirming the opioid nature of the response. However, IBNtxA analgesia was far less sensitive to naloxone than morphine (Fig. 1D) . A lower naloxone dose (0.1 mg/kg s.c.) still fully reversed morphine analgesia but had no effect on IBNtxA activity. This relative insensitivity of IBNtxA analgesia to naloxone is similar to that previously observed in mice (Majumdar et al., 2011b) .
Cross-tolerance is often used to demonstrate a common mechanism of action. Traditionally, m opioids show crosstolerance to morphine, although this is often incomplete (for a review, see Pasternak and Pan, 2013) . One standard paradigm is to implant rats with pellets of free-base morphine, resulting in its slow release over days (Cicero and Meyer, 1973; Yoburn et al., 1985) . In this approach, rats are implanted with three morphine free-base pellets each (225 mg total), and the rats are assessed 3 days later. This paradigm leads to marked morphine tolerance and dependence. For the first few hours, all rats displayed full analgesia. When they were assessed after 3 days, no residual analgesia was detected despite the continued presence of the morphine pellets. The rats were both tolerant and dependent. When challenged with acute doses, the morphine-pelleted animals displayed a 6-fold decrease in morphine analgesia (P , 0.001), with the ED 50 increasing from 3.3 to 20.5 mg/kg s.c. (Fig. 2A) . The ability of naloxone to precipitate withdrawal (e.g., wet-dog shakes) indicated that the morphine-pelleted mice were physically dependent (Fig. 2B) . However, the morphine-pelleted animals retained full analgesic sensitivity to IBNtxA (Fig. 2C) , as shown by the absence of a shift of the dose-response curve. Furthermore, administration of IBNtxA to the morphine-pelleted animals failed to demonstrate any evidence of withdrawal (e.g., wet-dog shakes).
Respiratory depression remains one of the most problematic opioid side effects. Although low morphine doses are used to ameliorate dyspnea in a range of pulmonary problems, higher doses of opioids can be life threatening. In contrast to morphine, IBNtxA does not affect the respiratory rate in mice (Majumdar et al., 2011b) . We now examined its effects in rats, using oximetry to determine oxygen saturation levels. Using doses of drug approximately 4-to 5-fold greater than their respective analgesic ED 50 , we compared IBNtxA to morphine (Fig. 3) . As anticipated, the high morphine dose significantly depressed oxygen saturation, lowering it by 30%, a symptomatic clinical value. In marked contrast, an equianalgesic IBNtxA dose was indistinguishable from the saline group, displaying no evidence of any respiratory depression.
IBNtxA Binding Sites. In the mouse, [
125 I]IBNtxA labels a target in the brain with high affinity that is pharmacologically Fig. 1 . IBNtxA analgesia and sensitivity toward naloxone. (A) Groups of rats (n = 4) were assessed for IBNtxA analgesia at peak effect in three independent experiments (n = 12 total) in a cumulative dose-response paradigm where animals received escalating doses of IBNtxA to generate the analgesic doseresponse curve. The ED 50 was 0.89 mg/kg (95% confidence interval, 0.69-1.2). (B) Groups of rats (n = 8) received IBNtxA (2 mg/kg) and were tested for analgesia after 30 minutes, immediately given levallorphan (1 mg/kg s.c.), and tested 20 minutes later. (C) Groups of rats (n = 4) received either morphine (8 mg/kg s.c.) or IBNtxA (2 mg/kg s.c.) immediately after the injection of saline or the indicated dose of naloxone. Naloxone significantly reversed morphine analgesia (Bonferroni multiple comparison test, P , 0.0001) as well as IBNtxA (P , 0.005 at 1 mg/kg, P , 0.01 at 5 mg/kg). (D) To assess the effect of a low naloxone dose, groups of rats were injected with equivalent analgesic doses of morphine 8 mg/kg s.c. (n = 4) or IBNtxA 2 mg/kg s.c. (n = 5). Animals were tested in the tail-flick assay after 20 minutes for morphine and 30 minutes for IBNtxA. They were then immediately administered naloxone (0.1 mg/kg s.c.) and tested again in the tail-flick assay 20 minutes later. Results are reported as percentage of maximum possible effect (%MPE). The results for morphine revealed a significant reduction by naloxone (paired t test, P , 0.005). There was no significant (ns) naloxone effect against IBNtxA.
distinct from any of the traditional opioid receptors (Majumdar et al., 2011b) . Studies in a series of KO mice indicate that the binding site is dependent on a set of m-opioid receptor splice variants associated with exon 11 that contain only six transmembrane domains. The binding site is insensitive to selective m, d, and k 1 opioids and persists in a triple KO mouse lacking d (DOR-1), k 1 (KOR-1), and traditional full-length MOR-1 variants but which still expresses exon 11-associated truncated ones. (Fig. 4A) . Although the observed affinity for the site is virtually identical to that seen in mouse triple KO brain (K D 5 0.16 6 0.04 nM), the B max in rats (15 6 2 fmol/mg protein) was approximately 4-fold lower than in the triple KO mice (B max 5 60.8 6 1.6 fmol/mg protein) (Majumdar et al., 2011b) , perhaps explaining the lower analgesic potency in the rat relative to the mouse.
The binding selectivity profile of the [ 125 I]IBNtxA site differed from traditional opioid receptors and showed similarities to those seen in the mouse (Table 1) . Highly selective m, d, and k 1 drugs displayed very poor affinity for the site. Yet a variety of other opioids that had previously been associated with the k 3 site (Clark et al., 1989 ) displayed far greater affinity. Many of these drugs displayed shallow competition curves, as determined by logit plots (Hill slopes) suggesting that [
125 I]IBNtxA might be labeling more than one type of site. Selected compounds were chosen for detailed competition curves ( Fig. 5; Table 2 ). The competition curves of the four Fig. 2 . Assessment of cross-tolerance between morphine and IBNtxA. Analgesic cross-tolerance was assessed in groups of rats, each implanted with either three morphine (n = 4) or placebo (n = 10) pellets and tested with IBNtxA 72 hours later. (A) The next day cumulative morphine doseresponse curves revealed a morphine ED 50 of 20.5 mg/kg (95% confidence interval [CI], 7.7-54) in the morphine-pelleted rats compared with 3.3 mg/kg (95% CI, 2.7-4.0) in placebo-pelleted animals (P , 0.001). (B) After the morphine cumulative dose-response testing, animals received naloxone (1 mg/kg s.c.). Morphine-pelleted animals displayed a significantly greater number of wet-dog shakes relative to placebo-pelleted controls (P , 0.005). (C) In morphine-pelleted animals, the ED 50 for IBNtxA was 0.26 mg/kg (95% CI, 0.15-0.45) compared with 0.52 mg/kg (95% CI, 0.37-0.75) in the placebo-pelleted rats. %MPE, percentage of maximum possible effect. Fig. 3 . Effect of IBNtxA on respiratory function. Rats were randomly assigned to receive saline (n = 4), IBNtxA (4 mg/kg, n = 4), or morphine (20 mg/kg, n = 4). Using oximetry, each animal's O 2 saturation was measured for 5 seconds every 5 minutes for 25 minutes before and 60 minutes after injection of the treatment. There were no differences between IBNtxA and saline at any time point, whereas morphine significantly depressed O 2 saturation (*P , 0.0001 at each time point) from 15-60 minutes as determined by Bonferroni multiple-comparison test after a repeated-measures analysis of variance.
IBNtxA Actions and Binding in the Rat compounds were clearly biphasic, with a high-affinity and a low-affinity component (Fig. 5) . When submitted to nonlinear regression analysis, all four compounds were best fit to a two-site model, with the high-affinity component corresponding to approximately a third of the overall B max . The affinity of levallorphan for the mouse site corresponded closely to the high-affinity component in the rat. The highaffinity binding component of the other compounds in the rat displayed affinities at least as great as in the mouse. Of particular interest are naltrindole and norbinaltorphimine (norBNI). Although these drugs are considered highly selective d and k 1 antagonists, respectively, they also competed a component of [
125 I]IBNtxA site with subnanomolar affinity.
Finally, we examined the regional distribution of these binding sites. After the dissection of various regions, we performed homogenate binding studies (Fig. 4B) . Binding was readily demonstrated in all the regions examined. The levels in cortex, striatum, periaqueductal gray, and brainstem were quite similar to those in whole brain. However, the binding in the thalamus was over 2-fold greater (P , 0.01) and in the cerebellum was 85% lower (P , 0.05).
Discussion
Much effort has been dedicated to the development of opioids that lack side effects and potential for abuse. The ability to dissociate morphine analgesia from many of its side effects, including respiratory depression, constipation, and physical dependence, were documented almost 30 years ago (Ling et al., 1983 (Ling et al., , 1984 (Ling et al., , 1985 (Ling et al., , 1989 Heyman et al., 1988; Paul and Pasternak, 1988) . However, only recently have inroads been made in the synthesis of selective compounds. Two general approaches have been used. One involves the role of biased agonism, with biased drugs showing differences in pharmacologic actions based upon their relative activation of b-arrestin compared with G protein mechanisms (Bohn et al., 2002 (Bohn et al., , 2003 Violin and Lefkowitz, 2007; Reiter et al., 2012; Dewire et al., 2013) . The ability to differentiate opioid actions mediated through the same binding site with biased signaling offers major advantages in the design of ligands for G protein-coupled receptors.
The demonstration of heterodimerization of opioid receptors has yielded several interesting approaches toward the development of novel opioids. Opioid heterodimers can form targets with unique binding and pharmacologic profiles. MOR-1/DOR-1 dimers have been proposed (Gomes et al., 2013; Ferre et al., 2014) , as has a DOR-1/KOR-1 dimer (Jordan and Devi, 1999 ) that corresponds to the pharmacologically defined k 2 receptor (Zukin et al., 1988) . MOR-1 also dimerizes with opioid receptor-like 1 receptors to generate a target with a novel pharmacologic profile (Pan et al., 2002) . More recently, an intriguing compound was reported that targets a MOR-1/KOR-1 heterodimer (Yekkirala et al., 2011) . N-Naphthoyl-b-naltrexamine is a potent analgesic that lacks physical dependence or reward behavior. Structurally, it is similar to IBNtxA in that it, too, is based upon the 6b-naltrexamine scaffold. However, they differ in their mechanisms of action. N-Naphthoyl-b-naltrexamine acts through a heterodimer of MOR-1 and KOR-1 while IBNtxA retains full analgesic activity in triple KO mice that lack KOR-1 (Yekkirala et al., 2011) .
The extensive alternative splicing of the m-opioid receptor gene with its three classes of variants offers additional targets for drug development (for a review, see Pasternak and Pan, 2013) . The full-length variants with their alternative 39-splicing all bind traditional m opioids. Their different C terminus sequences influence their distribution within the cell ) and among regions (Abbadie et al., 2000a,b) and their intrinsic activity (Bolan et al., 2004) and even their ability to internalize (Caron et al., 2000; Tanowitz et al., 2008) . Furthermore, each variant is also subject to biased signaling, further extending their possibilities.
The truncated exon 11-associated 6TM variant class that we initially described over a decade ago (Pan et al., 2001) offers another approach toward the development of improved analgesics. Using a scaffold based upon either naltrexone (Majumdar et al., 2011a,b) or naloxone (Majumdar et al., 2012) , we generated a series of compounds capable of acting through the 6TM variants of mice with very unique pharmacologic profiles, including IBNtxA. In mice, IBNtxA is a potent analgesic lacking many of the side effects of traditional opioids. To investigate whether this advantageous pharmacologic profile seen in mice extends to other species also expressing six transmembrane domain receptors, we examined the pharmacology of IBNtxA in rats.
Our results establish a similar pharmacology between rats and mice, although rats are somewhat less sensitive, which may be related to their lower density of [ 125 I]IBNtxA-binding sites relative to mice. IBNtxA is a potent analgesic in rats. At doses as high as 5-fold its analgesic ED 50 , it fails to show any changes in oxygen saturation, a sensitive measure of respiratory depression, and it shows no cross-tolerance to morphine. Furthermore, when administered to highly morphine-dependent animals, it did not precipitate any withdrawal signs (Majumdar et al., 2011a) .
The target responsible for the actions of IBNtxA remains unclear. In both mice and rats, [
125 I]IBNtxA labels a nontraditional site insensitive to traditional selective m (morphine and Tyr-D-Ala-Gly-N-methyl-Phe-Gly-ol), d (DPDPE), or k 1 (U50,488H) sites. The studies in mice, which have the advantage of a range of genetic models, strongly indicate a role for truncated 6TM splice variants of MOR-1 in the nontraditional [
125 I]IBNtxA binding sites, which persist in the triple KO mice and are lost in the exon 11 KO mouse. Like mice and humans, rats also express truncated 6TM variants.
However, the relative abundance of these binding sites in the rat brain (15 fmol/mg protein) is only one-fourth that seen in the triple KO mice (60.8 fmol/mg protein) and far lower than levels seen in BE(2)-C human neuroblastoma cell lines (30-75 fmol/mg protein). The lower expression levels in the rat may help explain the lower analgesic potency of the drug.
Comparing the binding-selectivity profile in the mouse and rat reveals important similarities and some differences. In both species, the nontraditional [ The presence of more than one population of labeled sites in the rat illustrates how an overall IC 50 that is used to generate an "apparent" K i value can be misleading. The overall lower levels of [
125 I]IBNtxA binding in the rat may also contribute to the differences between the values in the mouse and rat, particularly if they change the relative abundance of the two sites. Thus, the estimations of the "K i " values generated from total [ Table 2) . The values for the triple KO mouse brain (Majumdar et al., 2011b) , calf brain (Clark et al., 1989) , and human neuroblastoma SK-N-BE(2)-C cell line (Standifer et al., 1994) 80 pM) . Again, the presence of 250 nM U50,488H argues against labeling traditional k 1 receptors, raising questions on the selectivity of both compounds.
The rat expresses two 6TM variants, rMOR-1G1 and rMOR-1G2. Both contain exon 4 but differ due to 59-splicing. rMOR-1G2 yields a typical 6TM variant containing the 59 coding sequence from exon 11. However, rMOR-1G1 splicing is more complicated because the AUG start codon within exon 11 yields a very short peptide of only seven amino acids due to a frame shift. It is still possible to generate a 6TM using the AUG start codon at the beginning of exon 2, in a manner similar to that previously reported for the m 3 receptor (Cadet et al., 2003; Pasternak and Pan, 2013) . Although the diversity of binding might be due to these two variants, this seems unlikely because they only differ at the N terminus by the presence of seven amino acids encoded by exon 11 in rMOR-1G2 (MGSGPML) that would be absent in rMOR-1G1. An alternative explanation may involve heterodimerization of a 6TM variant with more than one nonopioid G protein-coupled receptor, leading to the possibility of a family of 6TM-related complexes.
In many respects, the [ 125 I]IBNtxA target resembles the previously reported k 3 sites (Clark et al., 1989) . Drugs earlier defined pharmacologically as k 3 , including levorphanol (Moulin et al., 1988; Tive et al., 1992) , nalorphine (Paul et al., 1991) , and NalBzoH (naloxone benzoylhydrazone) (Luke et al., 1988; Gistrak et al., 1989; Paul et al., 1990) (Majumdar et al., 2011b) . Equally important, their analgesic actions are greatly diminished in the exon 11 KO mouse, as is IBNtxA (Majumdar et al., 2011b) . Thus, NalBzoH analgesia is dependent upon 1 nM) with blockers at the indicated concentrations of the specified competitor. Nonspecific binding was determined using levallorphan (1 mM). Results are from three independent replications. Each data set was fit with both a one-site and two-site model using GraphPad Prism, and the models were compared using an extra-sum-of-squares F-test. The twosite model was preferred for each of the four drugs tested (P , 0.0001 for each). (Clark et al., 1989; Standifer et al., 1994; Mathis et al., 2001) .
The regional expression of [ 125 I]IBNtxA binding varies. Homogenate binding studies show high levels in the thalamus and low levels in the cerebellum. The resolution of the anatomic distributions in the current autoradiography studies is relatively limited, but the pattern in the rat is similar to that in the triple KO mouse seen autoradiographically, which expresses none of the traditional opioid receptors (S. Grinnell, S. Majumdar, V. Le Rouzic, M. Ansonoff, J. E. Pintar, and G. W. Pasternak, submitted manuscript). Thus, the labeling in the rat is consistent with a target including 6TM variants.
In summary, [ 125 I]IBNtxA has identified a unique target in the rat similar to the target in the triple KO mouse. Working through this target, IBNtxA produces a potent analgesia in the radiant heat tail-flick assay in both the rat and mouse. Additional studies in the mouse indicate that IBNtxA also is potent in inflammatory and neuropathic hypersensitivity and spontaneous pain (Wieskopf et al., in press ). Unlike traditional opioids, IBNtxA produces its analgesia in the rat without producing respiratory depression or physical dependence. It shows no cross-tolerance to morphine and does not precipitate withdrawal in morphine-dependent animals. Together, these observations in both the rat and the mouse suggest that the truncated 6TM variants may provide a valuable target for the development of novel analgesics lacking the limitations of current drugs.
